In ventricular myocytes of large mammals with low T-tubule density, a significant number of ryanodine receptors (RyRs) are not coupled to the sarcolemma; cardiac remodeling increases noncoupled RyRs.
I n ventricular myocytes of larger mammals, including humans, the density of T-tubules (TT) is much lower than in rodents, and many ryanodine receptors (RyRs) in the sarcoplasmic reticulum are not adjacent to sarcolemma. [1] [2] [3] During an action potential, opening of L-type Ca 2+ channels (LTCC) triggers activation of the coupled RyRs, whereas noncoupled RyRs are activated through propagated Ca 2+ release with a delay. Reduced synchrony of RyR activation across sarcomeres slows the overall rate of rise of [Ca 2+ ] i and amplitude of the [Ca 2+ ] i transient. 1 With disease and loss of disorganization of TT, the fraction of noncoupled, orphaned RyR increases, contributing to an apparent reduction of the gain of excitation-contraction coupling. [4] [5] [6] Recent studies have started to document the timeline of such changes during the transition from hypertrophy to heart failure 7 and the potential for reversal. 8, 9 We have recently started to investigate whether the intrinsic properties of RyR subpopulations that are coupled or at a distance of TT are different, by studying spontaneous RyR opening events at rest in release sites that were close to TT or at a distance. 10 Ca 2+ sparks were more frequent in sites close to TT, and this was not dependent on activity of LTCC, but a clear mechanism could not be identified.
Mechanisms that affect properties of subpopulations of RyR clusters can be structural or functional. 11 Activation and gating of RyRs is dependent on local [Ca 2+ ], cytosolic and luminal, 12 and is further modulated through modification such as oxidation, nitrosylation, and phosphorylation. [13] [14] [15] Many proteins are involved; both kinases and phosphatases associate with the RyRs to form a macrocomplex. Ca 2+ /calmodulin-dependent kinase (CaMKII) is of particular interest as it will be activated by the Ca 2+ released from RyRs, after first binding to calmodulin. Recent studies have documented the time course of CaMKII activation during increased frequency of stimulation and the simultaneous phosphorylation of RyRs. 16 More recently, an in situ fluorescence resonance energy transfer reporter has been used to follow the activation of CaMKII during stimulation. 17 The process takes tens of seconds to build up and also has a slow recovery. Modeling and experimental data have shown how the N-terminus of calmodulin is thought to serve as a low-affinity Ca 2+ sensor, 18 transducing Ca 2+ in the dyad, allowing activation in response to the high Ca 2+ local to LTCC and RyR in the dyad in a frequency-dependent manner. 19, 20 RyRs that are not in the dyad (noncoupled RyRs) may be less likely to experience such a local increase in Ca 2+ because Ca 2+ can freely diffuse away from the release site and the influx through LTCC is absent. This leads to a testable hypothesis regarding a functionally distinct role for CaMKII in these subpopulations of RyR clusters. It is reasonable to suggest that, in response to an increase in frequency of stimulation, activation of CaMKII in the dyadic microdomain would be higher in coupled RyRs.
In the present study, we have examined this hypothesis. We have first developed an improved approach for distinguishing coupled and noncoupled receptors based on 3-dimensional (3-D) distance mapping correlated to the properties of local Ca 2+ release during membrane depolarization. We thus identify diastolic release events as resulting from coupled RyRs or from noncoupled RyRs during dynamic studies. Subsequently, we examine the response in coupled RyRs and noncoupled RyRs to increasing frequency of stimulation and whether differences in response are consequent to preferential activation of CaMKII in the microdomain of coupled RyRs. We further investigate underlying mechanisms.
Methods
Cell isolation, confocal microscopy, and electrophysiological recording were performed as described previously. 1 To construct a 3-D membrane distance map, cells were stained with wheat germ agglutinin linked to Alexa 594 (Invitrogen), and a 3-D version of the Euclidean distance transform was used as previously described 21, 22 using an ImageJ plugin (http://www.optinav.com/Local_Thickness.htm). Ca 2+ was monitored using confocal linescan recording at 650 Hz, with K 5 Fluo-4 loaded via the pipette. All experiments were performed at 37 o C. During 0.5 and 2 Hz pacing, pixel-wise activation times were quantified as the time to reach half-maximal of the mean cellular peak fluorescence (T F50 ). Sparks were recorded in a 15-second rest period after 2 minutes of pacing. Alternatively, after pacing the sarcoplasmic reticulum (SR) Ca 2+ content was measured as the integral of the current produced during rapid application of caffeine (10 mmol/L).
Immunofluorescent imaging was performed in isolated cells, fixed and consecutively stained with primary antibodies for Na + /Ca 2+ exchanger (Swant, Switzerland), RyR (34C clone; Pierce), and CaMKII (a kind gift from Dr Donald Bers, UC Davis), and secondary antibodies labeled with Alexa 488, 568, and 647. In these fixed cells, Na + /Ca 2+ exchanger was used as a membrane marker and 3-D distance maps were constructed in a way similar to that described above. Colocalization of coupled and noncoupled RyRs with CaMKII was quantified by the Manders coefficient.
Statistics
All data are presented as means±SEM. Data have been compared using a paired t test or 2-way ANOVA with Bonferroni post hoc testing where applicable. Data were considered significantly different when the probability value was <0.05.
Detailed methods are provided in the Online Supplement.
Results

Differential Activation of Coupled and Noncoupled RyRs by Increasing Frequency of Stimulation
In order to reliably identify release sites that are coupled and noncoupled, we measured the distance of release sites to the membrane and correlated with the properties of the evoked Ca 2+ release during voltage clamp. Figure 1A shows a typical myocyte labeled with wheat germ agglutinin. The 3-D geometry of sarcolemmal/Ttubular membrane was calculated from the vertical stack of 2-D confocal images. A 3-D form of the Euclidean distance transform was then applied, allowing the creation of a distance map. The graph at the bottom of Figure 1A and 1B shows the distance to the nearest membrane for the line of the central section of the cell to be sampled for Ca 2+ release events. To have 2 clearly distinct populations, coupled and noncoupled sites were classified based on distances of <0.5 and >2 µm, respectively, from the membrane. In this same cell, along this line, Ca 2+ release was elicited by depolarizing steps and a line scan image was acquired. Ca 2+ transients were averaged and normalized to the diastolic Ca 2+ level (F/ F 0 ). Latency of Ca 2+ release was assessed as the time to reach halfmaximal Ca 2+ release (T F50 ) and calculated for each pixel along the line scan ( Figure 1A and 1B). This allowed correlating the distance and T F50 in the same cell. Averaged data showed that in coupled sites within 0.5 µm from the sarcolemmal membrane, T F50 typically was <18 ms, when stimulating cells at 0.5 Hz ( Figure 1B , left). When stimulating cells at 2 Hz, in coupled sites T F50 typically was <14.5 ms. Coupled sites were most numerous as shown in the histogram ( Figure 1B , middle). At both frequencies of stimulation, the fraction of release sites that qualified as coupled based on T F50 was comparable (51.6% at 0.5 Hz; 49.7% at 2 Hz; n cells =7; N pigs =5; Figure 1B , right), validating the use of T F50 as a parameter reflecting a structural property (ie, distance to the membrane) of the cell. For sites >2 µm from the sarcolemmal membrane, T F50 typically was >27 ms for stimulation at 0.5 Hz (Figure 1B , left) and >21.5 ms at 2 Hz. Again, the fraction of these noncoupled sites based on T F50 was comparable at both frequencies (26.8% at 0.5 Hz and 28.4% at 2 Hz; n cells =7; N pigs =5). These relationships were TT T-tubules November 8, 2013
confirmed in paired experiments in a larger population of cells (n cells =12; N pigs =8; data not shown). An analysis in fixed cells of the distance of RyR to membrane in a 2-D image generated data that are in the same order of magnitude, with somewhat lower numbers for noncoupled RyRs ( Figure 1C ; see Discussion). Taken together, this data allowed the use of parameter T F50 as surrogate for a complete distance map during dynamic studies. The T F50 temporal thresholds were thus used to localize release sites as being coupled and noncoupled and identify Ca 2+ sparks occurring after stimulation as resulting from coupled or noncoupled RyRs.
To test for the possible differential regulation by CaMKII, we determined the effects of increasing frequency of stimulation from 0.5 Hz to 2 Hz (Figure 2A ). Myocytes were stimulated at 2 Hz for 2 minutes, as this has been shown to attain steadystate Ca 2+ transient amplitude and activation of CaMKII. 16 Sparks were then recorded during the 15-second period after stimulation. A pronounced (>3-fold) increase in spark frequency was observed in coupled sites (n cells =33; N pigs =16), whereas noncoupled sites showed a 2-fold increase. This response was reversed after another 2-minute stimulation period at 0.5 Hz ( Figure 2B ). An increase in spark frequency is in line with an increase in SR Ca 2+ content at the higher frequency (Online Figure IIA ) but cannot by itself explain the difference between sites. No significant differences could be detected in the frequency response for spark amplitude, width, or duration between coupled and noncoupled sites (data not shown).
Localized CaMKII Activation Underlies the Different Response in Coupled and Noncoupled RyRs
To examine our working hypothesis regarding the role of CaMKII, the experiment was repeated in the presence of a CaMKII-specific peptide, autocamtide-2-related inhibitory peptide (AIP). Myocytes were preincubated with myristoylated AIP for 1 hour, and AIP was also subsequently included in the pipette solution. The increase in SR Ca 2+ content was not blocked by (T F50 ) and the distance to the nearest membrane are shown in plots and are used to define coupled and noncoupled RyRs. B-a, The correlation of T F50 with distance to the membrane is shown for stimulated myocytes at a frequency of 0.5 Hz. Coupled release sites are defined to occur <0.5 μm (red box); noncoupled sites are defined to occur above 2 µm (blue box). B-b, A histogram showing the relative number of release sites at 0.5 Hz stimulation. B-c, The number of coupled and noncoupled release sites is shown using T F50 as a surrogate parameter for the distance to the membrane (n cells =7; N pigs =5). C, Examples of confocal images of a myocyte stained for Na + /Ca 2+ exchanger (NCX, used as a marker for the sarcolemmal (SL) membrane; red) and RyR (blue). The number of coupled and noncoupled RyRs are measured using the distance to the membrane (n cells =20; N pigs =3).
CaMKII inhibition (data not shown). This was somewhat unexpected because inhibiting the effect of CaMKII on phospholamban and LTCC would tend to reduce SR Ca 2+ uptake and Ca 2+ influx SR, respectively, to reduce SR content. However, this was not inconsistent with reports that show enhanced SR Ca 2+ uptake with frequency to be independent of phospholamban. 23 Another possibility is that a reduced LTCC Ca 2+ influx may simply be balanced by a reduced RyR-mediated Ca 2+ leak. Changes in spark behavior are, therefore, more likely related to changes in RyR properties than consequent on changes in SR Ca 2+ content. As shown in Figure 2C , the increase in spark frequency in coupled RyRs with stimulation at 2 Hz was effectively suppressed by AIP, whereas noncoupled RyRs were unaffected (n cells =12; N pigs =7). Similar results were obtained with the CaMKII inhibitor KN-93 (n cells =10; N pigs =4), whereas the inactive analog KN-92 (n cells =12; N pigs =4) had no effect ( Figure 2C ).
One potential mechanism for the regional differences in RyR activation could be a differential distribution of CaMKII. To test this, we performed triple immunostaining for RyR, CaMKII, and Na + /Ca 2+ exchanger (to report on sarcolemmal geometry), as illustrated in Figure 3A . Images were segmented into coupled and noncoupled sites using the 3-D distance mapping method ( Figure 3B ). The Manders coefficient of colocalization revealed an equal association of CaMKII with coupled and noncoupled RyRs (n cells =20; N pigs =3). These data suggest that local activation of CaMKII, rather than a differential distribution and targeting of CaMKII, is responsible for the specific modulation of coupled RyRs.
Activation of Local CaMKII Is Dependent on an Intact Structure at the Z-Disc
If CaMKII is activated in the microdomain of the dyad, ultrastructural configuration of this microdomain is likely to be critical. We Figure 4A -b illustrates how cyto-D removes the frequency response of coupled RyRs without affecting noncoupled RyRs (n cells =12; N pigs =5). To test whether cyto-D prevented the action of CaMKII on coupled RyRs, AIP was applied after pretreatment with cyto-D. No additional effect on spark behavior was observed (n cells =7; N pigs =3; Figure 4A -c).
To test whether cyto-D affected the close configuration of RyR and CaMKII, we examined colocalization after pretreatment with cyto-D and observed a significant reduction ( Figure 4B ).
Membrane-Bound Reactive Oxygen Species Production Contributes to Coupled RyR Modulation
Because both RyRs 24 and CaMKII 25 are known to be activated by reactive oxygen species (ROS), we investigated whether local ROS may be involved in modulation of coupled RyRs. Prosser et al 26 recently described an increased spark frequency in response to stretch that was because of ROS produced by membranebound NADPH oxidase 2 (NOX2), and increasing the frequency of stimulation has also been shown to globally increase ROS production in isolated myocytes. 27 We, therefore, investigated whether a membrane-bound source of ROS could be implicated in a differential response of coupled and noncoupled RyRs, possibly through oxidation of CaMKII. As illustrated in Figure 5 , inhibition of NOX2 with the specific inhibitor diphenyleneiodonium also reduced the frequency response in coupled RyRs (n cells =11; N pigs =4; Figure 5B ); apocynin had similar effects (n cells =7; N pigs =3; Figure 5C ), as did the specific peptide gp91-ds-tat but not the scrambled peptide (Online Figure IA) . Inhibition of mitochondrial ROS production by rotenone had no effect (Online Figure  IB) . Global ROS scavenging with N-acetyl cysteine also reduced the increased spark frequency in coupled RyRs and not in noncoupled RyRs (n cells =10; N pigs =3; Figure 5D ). None of these interventions significantly affected the increase of SR Ca 2+ content at 2 Hz stimulation. These observations imply that local ROS production, probably by NOX2, is involved in the modulation of coupled RyRs during increased frequency of stimulation.
Modulation of Coupled RyRs During Whole-Cell LTCC-Triggered Ca 2+ Release
The amplitude of LTCC-triggered global Ca 2+ transient at 2 Hz is actually not larger than the amplitude at 0.5 Hz (Online Figure  IIIA) . This reflects the sum of opposite changes during an increase in frequency. At 2 Hz, release occurs on a background of elevated diastolic Ca 2+ . On one hand, the SR Ca 2+ content is increased (Online Figure II) but, on the other hand, the Ca 2+ influx through LTCC is reduced. [28] [29] [30] We confirmed that this was also the case in pig myocytes (Online Figure IIIB) . As previously published, a 1-second pause allowed substantial recovery of the LTCC (Online Figure IIIC) . Ca 2+ transients measured after this 1-second recovery period were significantly larger and the overall rate of upstroke was larger than at 0.5 Hz (Online Figure IIID) . Inhibition B A Figure 3 . Ca 2+ /calmodulin-dependent kinase II (CaMKII) is equally associated to coupled and noncoupled ryanodine receptors (RyRs). A, Example of a confocal image of a pig ventricular myocyte stained for RyR (blue), Na + /Ca 2+ exchanger (NCX; red), and CaMKII (green) that shows the distribution of CaMKII with coupled and noncoupled RyRs. B, A specific colocalization method is used in which coupled (red) and noncoupled RyRs (blue) are marked to colocalize with CaMKII (left). Level of colocalization is shown using the Manders coefficient (n cells =20; N pigs =3; right).
of CaMKII had, however, no significantly different effect on the global Ca 2+ transient amplitude or kinetics (Online Figure IIID) . Nevertheless, regional analysis confirmed the modulation of coupled RyRs. For each cell, a coupled and a noncoupled region were selected and local Ca 2+ transients analyzed ( Figure 6A ). The rate of upstroke increased significantly at 2 Hz in the coupled region only, and this increase was inhibited by AIP ( Figure 6B ). The higher rate of upstroke is consistent with a selective CaMKIIdependent increase in open probability of coupled RyRs, given that the trigger LTCC is actually reduced (Online Figure III) .
Discussion
Through the use of a novel experimental method, we have shown that only coupled RyRs respond to activation of CaMKII during stimulation at elevated frequency with an increased open probability. This response requires an intact cytoskeleton. The CaMKII-dependent modulation of coupled RyRs is abolished by NOX2 inhibition, indicating the presence of a local, interdependent Ca 2+ /ROS microdomain in the dyadic cleft.
3-D Mapping of Coupled and Noncoupled RyRs in Living Cardiac Myocytes
In earlier studies, we and others have correlated areas of delayed release during a stimulated Ca 2+ transient with areas of rarefaction of TT. 1, 4, 5, 31, 32 That analysis also showed early release sites that were not matched to TT in the plane of analysis but were assumed to result from TT in another plane. In the current study, we have developed a novel method to correlate release events with the distance to TT and sarcolemma with the aim to distinguish more accurately between coupled and noncoupled RyRs. The method uses distance calculations, analogous to the method used to characterize distance to sarcolemma in atrial cells, 22 but matches RyR release properties to the distance map.
This novel method allows more confidence in the use of T F50 of Ca 2+ release as a surrogate parameter for the distance to the sarcolemmal and T-tubular membranes and allows investigating whether regulation of coupled RyRs is distinct from that of noncoupled RyRs. The proportion of coupled release sites derived from functional analysis coupled to distance mapping is in the same order as found using RyR immunostaining. Small discrepancies likely reflect the differences in methodology. The immunostaining data are also in the same order for both coupled and noncoupled RyRs as recently reported for dog ventricular myocytes, 33 indicating that there is a large degree of homology between these large animal models.
Differential Modulation of Coupled and Noncoupled RyRs
In atrial cells that lack TTs, a higher probability of Ca 2+ sparks in sarcolemmal coupled versus central noncoupled RyRs has previously been described. In cat atrial cells, sarcolemmal Ca 2+ sparks originating from junctional release sites are 4 times more frequent than sparks originating from nonjunctional release sites. 34 Also in rat atrial cells, peripheral Ca 2+ sparks had 5 times higher frequency than central-occurring Ca 2+ sparks. 35 In rat, Ca 2+ channel block did not affect spark frequency in subsarcolemmal sites, 35 whereas in the cat it reduced spark occurrence. 34 The current experiments explore the role of dyadic microdomain in modulating junctional spark properties in ventricular myocytes with a more complex network of coupled and noncoupled RyRs throughout the cells. The significant increase of sparks from coupled RyRs during high-frequency stimulation is fully inhibited by AIP and KN-93, whereas noncoupled RyRs are not affected. This indicates that the dyadic Figure 5 . NADPH oxidase 2 (NOX2) inhibition and global reactive oxygen species (ROS) scavenging reduce the spark frequency response in coupled ryanodine receptors (RyRs). A, Myocytes are stimulated using depolarizing steps (−70 to +10 mV) for 2 minutes at 0.5 and 2 Hz and Ca 2+ sparks are recorded during a 15-second period of rest or caffeine is applied. Experiments are performed in presence and absence of diphenyleneiodonium (DPI), apocynin, and N-acetyl cysteine (NAC). Effect of NOX2 inhibition with DPI (n cells =11; N pigs =4; B) and with apocynin (n cells =7; N pigs =3; 3 of 7 cells were not matched; C) on Ca 2+ spark frequency in coupled and noncoupled release sites. D, Effect of global ROS scavenging on spark frequency in coupled and noncoupled RyRs (n cells =10; N pigs =3). *P<0.05.
cleft provides a microdomain with specific modulation of RyR clusters dispersed throughout ventricular myocytes.
Modeling of sparks in the junction suggests that spark frequency is related to the microdomain properties. 36 In pig ventricular myocytes, we previously showed that Ca 2+ channel block did not affect spark frequency, 10 but we cannot exclude a role for the presence of LTCC in defining the microdomain for modulation.
Another potential mechanism for different spark frequencies in coupled and noncoupled sites is local differences in SR Ca 2+ content. Earlier studies in rat and rabbit myocytes suggest that in nonstimulated cells there are no measurable gradients and those evoked by sparks dissipate rapidly. 37, 38 We did not observe differences in amplitude of sparks between sites, though small differences may be beyond resolution. Caffeine-induced Ca 2+ transients at coupled and noncoupled sites were not different either (Online Figure IIC) , but future studies using intra-SR Ca 2+ monitoring should address this further.
Mechanisms of Selective Activation of CaMKII in the Dyads
With high-frequency stimulation in pig myocytes, selective modulation of coupled RyRs is dependent on CaMKII because AIP and KN-93 were able to inhibit the pacing-induced response fully. This response occurs and is reversible within minutes, consistent with earlier reported time course of CaMKII activation. 16 A specific modulation of events near TT could result from the preferred location of membrane-associated signaling cascades. Nikolaev et al 39 reported that β2-adrenergic receptors are only localized in TT in rat and mice myocytes, whereas β1-adrenergic receptors are located across the entire cell surface. However, we could not observe any such preferential localization of CaMKII using immunofluorescence techniques. More subtle differences may be beyond current detection. Further investigation may be possible with available fluorescence resonance energy transfer probes to detect localized CaMKII activation, a method that has already shown the time course at the whole cell and nuclear level, but not yet at higher spatial resolution. 17 The mechanisms that underlie CaMKII localization are still to be understood fully, yet the present evidence suggests that the microfilament/microtubule network is involved, because disruption of this system with cyto-D led to the total abrogation of the CaMKII-dependent activation of coupled RyRs. The role of this network has previously been demonstrated for the CaMKII regulation of LTCC. 40 Also, more recent work suggested that an intact actin cytoskeleton was necessary for signaling microdomains in other primary cells, 41 and it has been shown that the actin-associated protein β IV -spectrin 42 is a major requirement for proper targeting of a CaMKII/Na + channel complex in cardiac cells. This evidence underscores the importance of the cytoskeleton in the creation of subcellular signaling environments.
Our current working hypothesis is that CaMKII is activated during the repeated influx of Ca 2+ during high frequency. The higher local Ca 2+ is expected to bind to calmodulin and activate CaMKII, recreating the behavior predicted by computational modeling. 19 This will then phosphorylate RyRs to a greater extent. The local Ca 2+ transients with increased rate of upstroke that are seen in coupled regions during depolarization and triggered release at 2 Hz stimulation, may indeed partly reflect the higher open probability of coupled RyRs, because this response was sensitive to CaMKII inhibition. In the coupled sites, the dyad acts as a limited diffusional space, so Ca 2+ and Ca 2+calmodulin can accumulate at higher stimulation rates leading to high dyadic CaMKII activity levels. 19 This is not the case in noncoupled sites, where these are more free to diffuse away. Ca 2+ is proposed to remain bound to calmodulin for around 1 µm. 43 This is in agreement with the loss of activation at ≈1 sarcomere distance we have tested. In transgenic mice, it was observed that phospholamban was not involved in frequency-dependent acceleration of relaxation. 44, 45 This could reflect the fact that most phospholamban will be >1 µm away, which is too far for CaMKII to be activated by the Ca 2+ -bound calmodulin complex.
Other mechanisms for the different regulation of coupled and noncoupled RyRs might include a difference in the morphology of the RyR cluster. As shown by Baddeley et al, 46 RyRs are physically organized into clusters, with adjacent channels interacting. However, many RyRs are in smaller clusters, which are more likely to have a higher open probability and more spontaneous Ca 2+ release, and their activity may be more sensitive to phosphorylation. 47 If RyRs near TTs would be in a less orderly array with fewer RyR interactions possible, this could contribute to the observed differences. This possibility will be further explored using high-resolution imaging. Lastly, it is possible that the modulation of RyRs is indirect through a CaMKII-dependent modulation of LTCC.
Although the study has highlighted a requirement for CaMKII in the modulation of coupled RyRs, it is possible that this is through indirect processes activating CaMKII, rather than Ca 2+calmodulin. Membrane-bound ROS production by NOX2 was implicated in the modulation of RyRs during stretch in rat myocytes, where most RyRs reside near TT. 26 In the present study, inhibition of NOX2, or scavenging of ROS, also inhibited the response to increased frequency stimulation, indicating a dual dependence for activation of CaMKII and NOX2. However, the present data do not allow putting one upstream of the other. Activation of CaMKII by ROS is well known, but activation of NOX2 by CaMKII is not to be excluded. [48] [49] [50] To examine this interdependence will require more sophisticated tools that allow measuring local near-membrane ROS production and local CaMKII activation directly.
Limitations
The match between immunostaining and functional data in terms of fractions of coupled RyRs suggests that we are sampling from 2 well-separated RyR populations. However, it is not possible to rule out that the sparks we assign to noncoupled RyRs contain some RyRs that are less distant than 2 µm but have a longer latency. The resolution of the measurement of Ca 2+ is limited by the optical blurring of the microscope, but if anything the differences reported here would be more pronounced if higher-resolution methods could resolve them.
Pharmacological tools always carry a risk of nonspecific effects, though combining independent data of different agents, as we did for CaMKII inhibition and NOX2 inhibition, strengthens the data. CytoD has been reported to interfere with multiple signaling pathways, though not with baseline Ca 2+ handling, 51 and effects of CytoD are mostly assigned to its action on the cytoskeleton. We currently do not have complementary tools for studying the role of the cytoskeleton, because, for example, colchicine reportedly affects baseline Ca 2+ transport. 52 Therefore, the interpretation of the CytoD data must be made cautiously.
Perspectives and Conclusions
This study represents the first measurement of localized CaMKII activation in ventricular myocytes. The findings underscore the subcellular nature of the regulation of CaMKII targets and may explain some of the current discrepancies in the effects of CaMKII. The limited impact on the whole-cell Ca 2+ transient kinetics reflects the interaction of multiple Ca 2+ transport mechanisms and is consistent with other studies reporting little effect of CaMKII inhibition on global Ca 2+ kinetics. 53, 54 Yet, the present analysis indicates that locally Ca 2+ is modulated and points to a role for CaMKII in local signaling rather than on global Ca 2+ handling.
The upregulation of CaMKII is a common feature in human hearts with heart failure and atrial fibrillation. [55] [56] [57] [58] The present study presents evidence for inhomogenous RyR and CaMKII activation. The consequences for such activation gradients within the SR may lead to eager Ca 2+ release sites where release is more active. We performed a first evaluation whether the local CaMKII modulation was affected in disease, examining myocytes from the chronic ischemic area adjacent to a myocardial infarction. 6 The data illustrated in Figure 7 indicate that CaMKII-dependent modulation of coupled RyRs is lost during remodeling after myocardial infarction. Further studies are ongoing to explore the underlying mechanisms such as altered colocalization or altered ROS production. In conclusion, coupled RyRs have a distinct modulation by CaMKII and ROS, which is dependent on an intact cytoskeleton. The data are consistent with the presence of a Ca 2+ /ROS microdomain in the dyadic cleft that may be involved in local signaling. This microdomain-restricted modulation of RyRs is subject to modification with disease.
